width. Indicator species at reaches with high volumes of wood were generally long-lived, conifer trees that persist for extended durations once delivered to stream habitats. Wood dynamics were also indirectly mediated by factors that shape vegetation: wildfire, precipitation, elevation, and temperature. We conclude that wood volume and frequency are driven by multiple interrelated climatic, geomorphic, and ecological variables. Vegetation composition and geomorphic setting directly mediate indirect relationships between landscape environmental processes and instream large wood. Where climate or geomorphic setting preclude tree establishment, reaches may remain naturally depauperate of instream wood unless wood is transported from elsewhere in the stream network.
Introduction
Instream large wood is an important driver of geomorphic and biological processes within streams and rivers. Wood influences stream hydraulics that sort sediment and force pool formation. These geomorphic processes build dynamic stream habitat for fishes and other biota [1, 2] . Cover provided by large wood also provides important refugia from predation for juvenile salmonids [3] . In a positive feedback loop, instream wood perpetuates the growth of riparian vegetation by regulating sediment scour and deposition that build bars and shape floodplain landforms where vegetation can colonize [4] . Vegetation that colonizes these fluvial landforms increases channel Abstract: Instream wood is a driver of geomorphic change in low-order streams, frequently altering morphodynamic processes. Instream wood is a frequently measured component of streams, yet it is a complex metric, responding to ecological and geomorphic forcings at a variety of scales. Here we seek to disentangle the relative importance of physical and biological processes that drive wood growth and delivery to streams across broad spatial extents. In so doing, we ask two primary questions: (1) is riparian vegetation a composite variable that captures the indirect effects of climate and disturbance on instream wood dynamics? (2) What are the direct and indirect relationships between geomorphic setting, vegetation, climate, disturbance, and instream wood dynamics? We measured riparian vegetation composition and wood frequency and volume at 720 headwater reaches within the American interior Pacific Northwest. We used ordination to identify relationships between vegetation and environmental attributes, and subsequently built a structural equation model to identify how climate and disturbance directly affect vegetation composition and how vegetation and geomorphic setting directly affect instream wood volume and frequency. We found that large wood volume and frequency are directly driven by vegetation composition and positively correlated to wildfire, elevation, stream gradient, and channel bankfull
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Open Access and floodplain roughness, furthering the positive feedback by facilitating the establishment of riparian vegetation that may eventually contribute more wood to the channel. Given that they are less able to quickly mobilize and export instream wood, smaller, narrower streams may be influenced to a greater extent by instream wood than larger, wider channels with greater wood transport capacities [5] . These typically low-order, "wadeable" streams are also important habitats as they occupy unique hydrologic and ecological settings within stream networks [6] . In loworder streams, the volume and distribution of wood is influenced by catchment topography, forest community structure, channel geomorphology, and hydrology [1, 7, 8] . Additionally, biotic and physical disturbances such as livestock grazing, wildfire, and overbank flooding, among others, shape watershed ecological and hydrogeomorphic processes that (a) determine the processes by which wood is sourced to stream channels from riparian forests and (b) the factors that modulate its subsequent downstream transport. A combination of background and disturbance-related factors drive wood quantity and location in wadeable streams, making it difficult to disentangle the relative importance of intertwined physical and biological processes in shaping instream wood delivery and retention.
Because riparian vegetation responds to climate, watershed disturbance, and geomorphic setting [9] [10] [11] , it can be thought of as a composite variable that responds to multiple watershed processes as well as serving as an indicator of instream habitat potential [12, 13] . Riparian vegetation is clearly tied to instream wood because riparian plant communities must grow sufficiently large trees and shrubs to contribute wood to the channel. However, vegetation dynamics are not the sole predictor of instream wood dynamics. Models of instream wood based primarily on riparian vegetation size or composition may overestimate the relative influence of vegetation on instream wood dynamics while comparatively deemphasizing disturbance and geomorphic processes [14] .
Most models of instream wood fail to identify the relative importance of indirect processes in driving direct processes that shape instream wood production and retention [15] . For example, riparian vegetation responds to environmental filters -processes that influence which plant communities can persist in a given area -across multiple spatial scales [16, 17] . Accordingly, environmental filters that shape riparian vegetation communities, such as climate and disturbance, should be incorporated into conceptual models of wood dynamics as indirect effects on the amount of wood within stream channels. These indirect effects can be contrasted with the geomorphic setting of stream reaches, which should be incorporated into conceptual models of instream wood dynamics as direct effects on wood contribution to and retention within channels. Stream geomorphic setting influences stream power at the reach scale, and drives localized variation in shear stress that controls sediment scour and deposition, bank erosion, and the transport of wood through channels. While there are many well-documented direct geomorphic effects that influence wood movement through channels, the causal relationships between processes at multiple scales are less commonly documented. By decoupling the indirect and direct effects of multiple biological and physical processes on instream wood we can create more thorough conceptual models of how physical and biotic processes affect a keystone driver of channel form and stream habitat.
To assess how geomorphology, riparian vegetation, climate, and disturbance filters influence instream wood volume and frequency within headwater streams of the Pacific Northwest, we used a structural equation modeling approach to test multiple hypotheses (Table 1; Figure 1 ). We generated models based on hypothesized relationships between riparian vegetation community composition and environmental factors observed in previous studies [12, 18] . We built a simple conceptual model of how multiple processes directly and indirectly shape riparian vegetation and instream wood dynamics in wadeable streams ( Figure 1) . We used this model to identify and evaluate potential causal relationships between climate, watershed disturbance, riparian vegetation, stream geomorphic setting, and instream wood accumulation ( Figure 1 ; Table 1 ).
We hypothesized that climate (elevation, precipitation, and temperature) and disturbance (percent watershed grazed and percent watershed burned) directly affect vegetation composition ( Figure 1 ; Table 1 ; B, D), which in turn directly affects wood volume and frequency (A). Because vegetation communities are directly influenced by watershed disturbance (B) and regional climate (D), we considered these influences to be indirect drivers of wood as mediated by riparian vegetation. We also hypothesized that stream geomorphic setting (bankfull width, stream gradient, buffer slope; F) and disturbance (specifically wildfire; H) directly drive instream wood dynamics by shaping wood availability and the potential for reaches to transport instream wood. Because elevation, precipitation, and temperature all influence where livestock grazing and wildfire are likely to occur, we hypothesized that climate drives disturbance (C). Geomorphic setting responds to climate, which affects how much water is available for transport within a channel, so we also tested hypotheses (E) on how precipitation indirectly drives wood by influencing bankfull width and stream gradient. Where variables were not directly related, but corresponded to the same driving variables, we built covariance relationships between variables (E, G).
We expected lower wood frequency and volume in high-gradient channels because higher-gradient channels have a greater capacity to transport wood [19] . Also, we expected higher wood frequency and volume in reaches surrounded by areas of steep buffer slope, which may be prone to mass movement or increased rates of tree fall toward the channel [1, 15, 20, 21] leading to greater wood delivery to channels. Subsequently, we expect wood mobility and downstream transport to be more common in reaches with higher unit stream power (ω): ω = ρgQSb-1 (1) Where ρ is the fluid density, g is acceleration due to gravity, Q is a characteristic stream discharge, S is channel slope (gradient), and b is channel width (bankfull width). Thus, for a flood of the same magnitude, we would expect greater wood mobility in narrow, steeper channels. Although unmeasured here, we note that wood mobility is also linked to the ratio of piece length to bankfull channel width [22] , with larger pieces in narrow streams tending to comprise largely immobile 'key members' of logjams.
Methods

Study Area
Instream wood, stream geomorphic attributes, and riparian vegetation data were collected as a part of an ongoing habitat monitoring program within low-order streams of the interior Columbia and upper Missouri River basins between 2009 and 2011 [23] . Stream habitats within the interior Columbia and upper Missouri River basins are monitored as a part of the U.S. Forest Service's PACFISH/INFISH Biological Opinion (PIBO; [23] ). PIBO monitors stream and riparian habitat attributes that affect endangered fishes at streams within federally-owned Table 1 . Buffer slope was not included in the final model due to strong collinearity with other bankfull width and gradient.
subwatersheds using a spatially-balanced, randomized sampling design [23] Instream wood frequency and volume are products of the potential of riparian zones and surrounding watersheds to grow tree species that can contribute large, persistent wood to the channel [8, 12] . Coniferous trees may persist in channels longer than rapidly decaying deciduous trees. Grazing frequency increases in semi-arid "badland" environments unable to support widespread forests or agriculture [48] . Wildfire occurs in watersheds with sufficiently low moisture conditions for ignition and sufficient fuels to carry the fire. Jam-forming wood has been shown to be higher in burned watersheds while wood frequency may be higher or lower in burned watersheds than in unburned watersheds depending on tree species composition [57, 58] .
Data Collection
We selected 720 low-gradient (mean = 2%) stream reaches for inclusion in the study ( Figure 2 ). Reaches occurred on federal lands within subwatersheds under at least 50% upstream federal ownership and management -predominantly owned by the U.S. Bureau of Land Management (BLM) and Forest Service (USFS). Reach length at each site was based on the average of bankfull width measurements made at defined increments (~2 bankfull widths); reach length was a minimum of 20 times channel bankfull width. Field sampling occurred between June and September, coinciding with the active growing season and base-flow stream conditions. Field and GIS-derived data were used to measure instream wood, riparian vegetation composition, watershed disturbance, stream geomorphic setting, and climate for inclusion in structural equation models. Complete data collection methods are detailed within the PIBO field sampling protocols [25, 26] and summarized in Table 2 . Instream large wood frequency and volume were measured at each reach. All pieces of wood within the active channel were counted. Any piece at least partially within the bankfull channel and below the bankfull elevation, with a length > 1 m and a diameter > 0.1 m at one third the distance from the base was counted [4, 27] . The first ten pieces of wood that occurred at the bottom of the reach were measured for length and diameter to calculate volume. For streams with 11-100 pieces of wood, every fifth piece beyond the first ten was also measured for length and diameter. At streams with >100 pieces of wood, every tenth piece beyond the first ten was measured for length and diameter. Wood volume (V) for each individual piece was calculated based on the equation:
where r is the radius of the piece one third the distance from its base and l is the length of the piece. For reaches with more than ten pieces, we estimated wood volume for each reach by multiplying the volume of every measured fifth (<100 pieces wood) or tenth piece (>100 pieces wood) beyond the first ten counted pieces by five or ten, respectively. Wood metrics were summarized at each reach and then standardized to wood volume in m 3 /km for comparison between reaches of different lengths. Wood volume and frequency were measured concurrently with stream bankfull width and water surface gradient.
We described reach riparian vegetation using community composition and stream buffer forest cover. Buffer forest cover was estimated in GIS (ArcGIS 9.1; ESRI, Redlands, CA) as the percent of the area in the 90 m buffer surrounding the reach that was covered by overstory tree species. We used a 90 m stream buffer because this distance is close enough to the channel that local colluvial processes may contribute wood to the channel and riparian zone [25] . Buffer pixels were designated as forested if they fell into one of the following LANDFIRE forest categories: deciduous open, evergreen closed, and evergreen open. Forest cover was verified with aerial imagery [28] . Vegetation community composition was collected within 42 to 50 Daubenmire quadrats (50 cm x 20 cm) placed along the greenline at each reach [29] . The greenline is the point on the bank adjacent to the stream at which perennial vegetation is present, and typically occurs on either the first depositional or flat, floodplainlike feature located near the channel's bankfull edge [29] . Within each quadrat vascular plant cover was measured in two layers, an upper layer of woody shrub and tree species >1 m high, and a lower layer of all vascular plant species <1 m high. Vascular plant species whose cover exceeded 5% in either layer were classified into one of seven cover classes: 5-15%, 15-25%, 25-38%, 38-50%, 50-75%, 75-95%, or 95-100%. Cover class midpoints were taken as the relative abundance for each species within each quadrat. At each reach quadrat cover measurements for each species were summed and divided by the total number of quadrats at that reach to calculate reach-level species abundances. Variables describing stream geomorphic setting included bankfull width, water surface gradient, and reach buffer slope. Bankfull width was estimated from the average bankfull width measured at 20 equally spaced transects throughout the reach. Gradient was estimated by surveying the difference in water surface between the top of the reach and the bottom of the reach and dividing by reach length. Reach buffer slope was estimated in GIS using the zonal mean function to estimate average slope in the 90-meter buffer polygon at each reach.
Variables describing climate included precipitation, temperature, and elevation. Precipitation and temperature were estimated using GIS to determine the weighted average (by area) of all precipitation and temperature grids that intercepted the watershed upstream of each reach (1971 -2000; [30] ) Elevation was extracted within GIS by taking the average watershed elevation upstream of each reach from 10 m digital elevation models. Disturbance variables included the extent of grazing and wildfire within each watershed. The extent of grazing disturbance was estimated as the percent of land in the watershed upstream of each reach designated as a grazing allotment. The extent of wildfire disturbance was estimated as the proportion of the 90-meter buffer surrounding the reach that has burned in the last 15 years (Table 2 ).
Statistical Analyses
Our analysis consisted of three stages: (1) using ordination to visualize relationships between riparian vegetation at each reach and environmental drivers, (2) creating structural equation models that identify relationships between climate, geomorphic setting, disturbance, riparian vegetation, and instream wood volume and frequency, and (3) using multi-level pattern analysis and permutational multivariate analysis of variance to identify what species were associated with high and low wood volumes.
We performed nonmetric multidimensional scaling (NMDS; [31] ) on the riparian vegetation community using a Bray-Curtis distance matrix of the combined upper and lower layer vegetation data. Vegetation data was automatically square root transformed and Wisconsin double standardized using the metaMDS function in the R statistical environment (Version 2.14.1; [32] ). We fit individual species vectors to the final NMDS configuration using the "envfit" function in R [33] . We also fit vectors onto the NMDS solution from parameters within the structural equation model (Table 2) : large wood frequency, large wood volume, 30-year average temperature, 30-year average precipitation, average elevation, percent watershed grazed, percent watershed burned, buffer forest cover, buffer slope, stream bankfull width, and gradient. Individual reaches were plotted within the ordination by wood volume quartiles.
Structural equation models were generated under an iterative model building framework to assess the hypothesized relationships between the direct and indirect effects of vegetation, climate, disturbance, and stream geomorphic setting on instream wood volume and frequency (Table 1; Figure 1 ). Structural equation modeling is a scientific framework used to make inference by quantitatively examining scientifically-informed conceptual models between multiple interrelated variables [34] . This framework is particularly strong at identifying direct and indirect relationships between variables to infer the directional relationship between multiple causal and response variables [35] . We generated models based on the aforementioned hypothesized relationships between riparian vegetation community composition and environmental factors observed in previous studies ( Figure 1 ; Table 1 [12, 18] ).
The first two NMDS ordination axes and the percent of the buffer that was forested were used as measured vegetation variables. We selected the first two axes of the NMDS solution for inclusion in the model because they were most strongly correlated to model parameters. Prior to model building we examined correlations between the hypothesized parameters within our structural equation models and plotted individual variable histograms and correlations between variables to assess normality and linear bivariate relationships between variables. Parameter variables were log or inverse square root transformed as necessary to meet assumptions of normality and linear bivariate relationships between model parameters.
We removed variables from our model that were strongly collinear with other model variables [35] . This led to the removal of buffer slope, which was strongly correlated to stream gradient and elevation. Buffer slope was also deemed to be a less important predictor of wood than channel form (gradient) given our hypotheses. To determine whether model results supported our hypotheses (e.g. pathways; Figure 1 ; Table 1 ) regarding how each factor drives instream wood, we iteratively removed statistically non-significant pathways by weighting these paths to zero. Pathways were supported within our model if the variables describing the relationships in Table 1 showed statistically significant relationships (α = 0.05).
To /km). We used PERMANOVA [36] , a non-parametric distance based linear modeling technique for multivariate data, to identify if species composition differed between reaches within each of the four wood volume quartiles. We used multilevel pattern analysis [37] , a form of indicator species analysis [38] , to identify which species were most common within each wood volume quartile. PERMANOVA and multi-level pattern analysis between wood volume quartiles were used as confirmatory analyses to highlight differences in riparian vegetation across the range of instream wood volumes at each reach.
Results
The NMDS ordination converged on a three-dimensional solution after 1000 iterations with a stress of 19.91 (p = 0.01). Fitted environmental vectors (Table S1; Figure 4 ) showed strong elevation, precipitation and temperature gradients across the vegetation data (Figure 4 ; Table S2 ). Grazing pressure, a biotic disturbance, was strongly correlated to the vegetation community explained by the NMDS final solution; grazing was negatively correlated to the first ordination axis and positively correlated to the second ordination axis (Table S1 ). The other disturbance parameter, the proportion of each watershed burned, was weakly negatively correlated to both axes of the vegetation ordination (Figure 4) . The precipitation gradient along NMDS axis one corresponded to instream wood across the study area: as precipitation increased so did the proportion of the watershed under forest cover and instream wood volume and frequency. Stream gradient was positively correlated to the first and second NMDS axes. Bankfull width was positively correlated to the first axis, but negatively correlated to the second axis, and was collinear with precipitation. The vegetation communityenvironment relationships identified in the NMDS solution ( Figure 4 , Table S1 ) provided support for the hypotheses tested in our structural equation model.
Our final structural equation model confirmed several hypothesized direct and indirect relationships between vegetation, climate, disturbance, geomorphic setting, and instream wood volume and frequency ( Figure 5 ; Table 4 ). As hypothesized, climate effects on wood were mediated through vegetation composition (pathways B, D) as evident by the relationships between temperature and precipitation and vegetation composition (ordination axes). Stream geomorphic setting directly influenced instream wood volume and frequency (pathways F,G), as supported by the positive relationship between both gradient and bankfull width and wood frequency and volume. Disturbance effects on instream wood were less predictable. Fire was a direct and indirect driver of wood volume and frequency ( Figure 5 ) as it was significantly negatively correlated with NMDS axis two and weakly positively correlated to wood volume and frequency. Our model confirmed that grazing occurred more frequently in watersheds with high temperatures and low precipitation. Grazing was negatively associated with the first vegetation axis within the structural equation model, while precipitation was positively associated with the first ordination axis. These results confirm the correlations between vegetation, climate and disturbance identified in the NMDS biplot ( Figure 4 ) and highlight that vegetation composition drives which areas are grazed rather than grazing simply influencing vegetation composition. The second vegetation axis was not significantly affected by grazing. Precipitation was negatively correlated to the second vegetation axis while temperature was positively correlated to the same axis. Both vegetation axes were significant predictors of instream wood volume, the first axis positively and the second axis negatively. Buffer forest cover was positively correlated to precipitation and negatively correlated to temperature and elevation. Forest cover was positively correlated to NMDS axis 1 and negatively correlated to NMDS axis 2. Precipitation and catchment elevation were positively correlated to bankfull width and precipitation was negatively correlated to gradient, indicating that streams with less precipitation have lower gradients.
Riparian vegetation composition differed between reaches with different amounts of wood, with forested reaches showing the highest instream wood volumes ( Figure 4 ; Table 3 ). Multi-level pattern analysis showed first quartile group (< 13.8 m evacuated [39] , is paramount for reaches to maintain high instream wood volumes (Figure 4 ; Figure 5 ).
Discussion
Instream wood volume and frequency are directly influenced by riparian vegetation composition and stream geomorphic setting within the headwaters of the Columbia and Missouri River basins. Instream wood is indirectly influenced by landscape disturbance (fire) and climate attributes (temperature, precipitation, elevation) that drive vegetation community assembly. Many studies have tied either instream wood to watershed and landscape dynamics [40] [41] [42] , or riparian vegetation to ecosystem function [43] , but to our knowledge no study has disentangled the direct and indirect effects of climate, disturbance, geomorphic setting, and vegetation on instream wood. For example,
willows (Salix boothii, Salix bebbiana) and low-diameter deciduous trees (Betula occidentalis, Crataegus douglasii).
Indicator species for the combined top three wood volume quartile groups' (13.8 -1,084.9 m 3 /km) consisted of conifer trees that grow to large diameters (Picea engelmannii, Abies lasiocarpa, Abies grandis, Pseudotstuga menziesii), and numerous shrubs and forbs that are common to interior Pacific Northwest dry conifer forests (Rubus spp., Ribes. spp., Alnus viridis, Cornus canadensis, Streptopus amplexifolius, etc. Table 3 ; Table S3 ). The two highest quartiles' (>49.3 m 3 /km) indicator species included Thuja plicata, a long-lived conifer tree with the potential to grow several meters in diameter, and numerous mesic forbs (Vaccinium membranaceum, Gymnocarpium dryopteris, etc). These communities showed that within the study area, the potential of a site to grow large conifers that decay slowly and require higher stream power to be numerous studies show that wood controls pool habitats [44, 45] , and there has been recent discussion of reciprocal interactions between vegetation and geomorphology in rivers [46, 47] . Building on these studies, we have succinctly defined how vegetation community composition influences instream large wood, a major driver of stream hydraulics and geomorphic processes. By identifying vegetation as a direct driver of wood in streams, we can infer that the processes that drive vegetation may be indirect drivers of wood-forced in-channel geomorphic units. Many controls may play a role in dictating the location of common geomorphic units, such as valley confinement, point-source sediment inputs or tributary junctions, and localized variations in bedrock and surficial geology, among others. However, in loworder wadeable streams, it has been suggested that wood may play a disproportionately large role relative to these controls in dictating the distribution of geomorphic units [22] . Table 3 : The top five indicator species (IV > 0.3) generated using multilevel pattern analysis for each combination of wood volume quartile group. The top ten indicator species were shown for the upper quartiles (2, 3 and 4) as these quartiles had the strongest indicator species, with indicator values approaching one. Species found in the understory layer < 1m in height are annotated by (u) while (o) indicates species found in the overstory layer > 1m in height. P-values for each indicator species' indicator value were generated using Monte Carlo simulations (999 permutations). Growth form was categorically classified based on the USDA Plants Database.
Indicator Species
Growth of wood dynamics. Instead, we found that grazing disturbance is more likely to occur in hotter, drier ecotones where forest vegetation is less common [48] . Accordingly, grazing occurred in watersheds with reaches that were historically wood-poor based on landscape filters (high temperature, low precipitation) that inhibit tree establishment and growth. We saw that low temperature reaches with high precipitation were not only less likely to be in frequently grazed watersheds, but also more likely to have heavily forested stream buffers (Figure 4) . Fire was a direct driver of both vegetation (NMDS axis two) and wood volume and frequency. This suggests that fire affects instream wood by killing trees that are then contributed to the channel [15] rather than just by shaping riparian vegetation composition. Without fire intensity or recurrence data, these patterns provide limited inference into how fire shapes instream wood across landscapes. Because of the spatial extent of the Columbia and Missouri River basins, riparian plant communities assemble across large elevation and climatic gradients. These same communities are further filtered by fire disturbance and correspond to channel gradient and bankfull width that are collinear with precipitation, temperature and elevation. Environmental filters Gradient and bankfull width were positively correlated to instream wood volume and frequency. While our initial hypothesis predicted that wider channels should contain more wood (H,F) given their decreased stream power and reduced ability to mobilize wood, the finding that steeper streams contained more wood was contradictory to our initial hypothesis (H,G). We suspect that the positive correlation found between stream gradient and instream wood volume may point to the propensity for steep-walled drainages to deliver more wood to channels than can be actively mobilized and transported downstream. The steepest channel reaches within our study often occurred in high elevation headwaters with small, confined drainages. The steeply-sloping, forested valley walls likely provide increased wood volumes to the channel resulting from hillslope mass wasting and tree fall in densely forested areas [1, 20] . Combined with low discharge and relative immobility of wood pieces resulting from the high ratio of wood length to channel width in these low-order, narrow channels, it is likely that wood accumulates, rather than being exported from these locations (e.g. [22] ).
We anticipated that disturbance would influence vegetation composition and serve as an indirect driver affect how biotic communities assemble [17, 49] , and vegetation affects riparian landform dynamics [4, 50 ], but we demonstrate here that direct environmental filters on riparian vegetation are also indirect filters on abiotic processes that influence stream habitat. Because tree cover corresponds to high precipitation and cool temperatures, it is likely that many hot, low-precipitation streams within the study region were historically wood poor based on their species composition alone. These meadow and shrub communities' stream habitats may form via external forcings that shape channel planform and adjacent groundwater tables. These forcings may include the location of bedrock outcrops, lithologic controls on valley form, post-glacial landforms, point source and longitudinal sediment inputs, or beaver dams that are not comprised exclusively of large wood.
Stream and riparian restoration objectives should reflect that wood is not a keystone element of all stream systems, much as forests are not ubiquitous across all riverscapes. Wood-poor reaches that are controlled by climate filters will require different approaches to restoration than heavily forested reaches whose hydraulics and geomorphology can be expected to respond to wood contributions [8] . For example, reaches where wood is naturally limited may need instream structures such as those built by North American beaver (Castor canadensis) to create hydraulic and planform diversity that large wood would otherwise create [51] . Reducing anthropogenic disturbances on vegetation such as grazing can change riparian vegetation dynamics, but woody plant recolonization may be impaired due to the legacy effects of disturbance [52] . These impaired sites may require short-term wood supplementation to restore hydraulic and geomorphic diversity to stream channels.
Similarly, stream restoration objectives that are tied to the life-history strategies of fishes and other aquatic biota require explicit understandings of how wood-forced pools and riffles form over time. In some cases instream wood may not be a locally sustainable restoration solution to create dynamic aquatic habitats. For example, the watershed processes required to grow and contribute wood to channels may be present, but may be outweighed by advanced transport capacities that keep reaches in a wood-poor equilibrium. Wood is unlikely to change these reaches' planform or hydraulic diversity (e.g. wood-forced pools and riffles) in the long run as these reaches (e.g. gorges) consistently evacuate wood downstream.
In contrast, disturbances like fire may transition forest vegetation toward early-seral species that cannot contribute wood to channels in the short-term [53] . In heavily forested watersheds where riparian trees are ubiquitous and instream wood is abundant, disturbance may drive wood contributions to the channel, but may not specifically control vegetation composition. Complex synergies exist between climate, disturbance, vegetation, hydrology, geomorphology, and instream habitat. Predicting trajectories of instream wood across broad spatial extents requires understanding how vegetation responds to watershed processes that interact with larger climatic and physiographic gradients.
Conclusions
Because wood is a strong driver of channel form and aquatic habitat dynamism, any process that impacts the direct and indirect drivers of wood has the potential reduce the resilience of riparian zones and wood-forced instream physical habitat. The direct relationships between disturbance and vegetation and between vegetation and instream wood illustrate that watersheds must maintain sufficient riparian vegetation to facilitate wood-mediated processes within key watersheds that provide habitat for endangered fishes.
While watershed disturbance and riparian vegetation interact directly, the interactions between climate, disturbance, riparian zones, stream channels, and instream wood may become more difficult to predict as global change -invasive species, altered climate, human development and resource extraction -intensifies. For example, the timing, intensity and frequency of individual snowfall, rain, snowmelt and runoff events may become more novel under climate change [54] . Novel hydrology may lead to reduced base flows that cause some riparian communities to decline from reduced hydrologic connectivity, even in the absence of watershed disturbance. Similarly, more intense overbank flooding may change sediment erosion and deposition patterns that lead to transitions in riparian vegetation from largelong-lived conifer trees to early-successional shrubs and graminoids that cannot contribute large wood to channels. Wood mobility may be altered under novel hydrologic regimes, given that alterations in flood magnitude and frequency have the potential to alter stream power and channel geometry. Interactions between climate and fire disturbance on vegetation and the direct effects that vegetation have on patterns of instream wood must be considered when accounting for the habitat potential of low-order streams in the future. Any disturbance or climate impact that affects vegetation or stream hydrology will likely also affect instream wood, and the potential for small streams to form dynamic aquatic habitat. Figure S1 : Sampled reaches within the Columbia and Missouri River basins by wood volume quartiles. Wood volume was related to patterns in climate and vegetation quantified using ordination (Figure 4 ) and the structural equation model illustrated in (Figure 4 ). Basemap imagery provided by Bing and licensed through ESRI. Table S1 : Model fits between environmental variables used during structural equation model building and the 3-dimensional NMDS solution. Variables were fit to the ordination solution using the envfit function in the vegan package in R [32, 33] . 
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